The NTB-VPg protein of Tomato ringspot nepovirus is an integral membrane protein found in association with endoplasmic reticulum (ER)-derived membranes active in virus replication. A transmembrane helix present in a hydrophobic region at the C terminus of the NTB domain was previously shown to traverse the membranes, resulting in the translocation of the VPg domain in the lumen. We have now conducted an in planta analysis of membrane-targeting domains within NTB-VPg using in-frame fusions to the green fluorescent protein (GFP). As expected, the entire NTB-VPg protein directed the GFP fluorescence to ER membranes. GFP fusion proteins containing the C-terminal 86 amino acids of NTB-VPg also associated with ER membranes, resulting in ER-specific glycosylation at a naturally occurring glycosylation site in the VPg domain. Deletion of the hydrophobic region prevented the membrane association. The N-terminal 80 amino acids of NTB were also sufficient to direct the GFP fluorescence to intracellular membranes. A putative amphipathic helix in this region was necessary and sufficient to promote membrane association of the fusion proteins. Using in vitro membrane association assays and glycosylation site mapping, we show that the N terminus of NTB can be translocated in the lumen at least in vitro. This translocation was dependent on the presence of the putative amphipathic helix, suggesting that oligomeric forms of this helix traverse the membrane. Taken together, our results suggest that at least two distinct elements play a key role in the insertion of NTB-VPg in the membranes: a C-terminal transmembrane helix and an N-terminal amphipathic helix. An updated model of the topology of the protein in the membrane is presented.
Infection by positive-strand RNA viruses results in massive proliferation and modification of the structure of the host intracellular membranes. Viral replication occurs in association with intracellular membranes and is associated with various modified membrane structures, including membranous vesicles and membranous webs (8, 38, 44, 48) . The specific nature of the membranes affected varies from one virus to another (e.g., endoplasmic reticulum [ER] , tonoplast, mitochondrial membranes). Animal picornaviruses induce the formation of replication-competent membranous vesicles which are derived from the ER probably using mechanisms similar to those of the secretory pathway (17, 28, 43, 47, 51) . Replication proteins and replication intermediates from plant viruses related to picornaviruses (e.g., potyviruses, comoviruses, and nepoviruses) are also found in association with ER-derived membranous vesicles (9, 10, 40, 46) . It is thought that these vesicles constitute mini-virus factories which are physically separated from the cytoplasmic content of the cell and offer protective environments for viral RNA replication (44) .
The initial targeting of viral replication proteins to the ER is a key step in the formation of replication-competent vesicles. One or several viral or host proteins act as membrane anchors for the replication complex. These membrane anchors have the ability to associate with the ER in the absence of other viral proteins. Other replication proteins are brought into the replication complex either as polyprotein precursors or through protein-protein interactions with the membrane anchor proteins (14, 44, 55) . Viral membrane anchor proteins are usually integral membrane proteins and often have the ability to induce drastic modifications in membrane morphology (2, 4, 6, 11, 15, 19, 23, 24, 46, 53, 54) . Various membrane association domains, including amphipathic helices and/or transmembrane helices, are involved in the association of the membrane anchors to the ER (6, 12, 16, 25, 36, 44, 60, 62) . The association of the animal picornavirus membrane anchor proteins has been studied in detail; membrane association domains have been identified in the 3AB, 2B, and 2BC proteins, models for the topology of these proteins in the membrane have been established (1, 16, 25, 54) , and the ability of these proteins to induce permeabilization of intracellular membranes has been extensively documented (1, 3, 35) . Much less is known about membrane anchor proteins from plant viruses related to picornaviruses. Two comovirus replication proteins and one potyvirus replication protein have been shown to associate with ER membranes when expressed individually or in the context of a viral infection and to induce drastic modifications of the ER structure (11, 46) . However, the mechanism of ER targeting and the topology of these proteins in the membrane are largely unknown. Several nepovirus proteins colocalize with membrane-bound replication complexes in infected cells (27, 30, 40) . One of these proteins (NTB-VPg) is an integral membrane protein and can associate with microsomal membranes in vitro (30, 60) . However, it is not known whether this protein can independently associate with ER membranes in planta and its possible role as a membrane anchor for the replication complex has not been confirmed. The genome of Tomato ringspot nepovirus (ToRSV) consists of two molecules of RNA (45) . RNA1 encodes a polyprotein (P1) containing the domains for the replication proteins, including the RNA-dependent RNA polymerase, a 3C-like proteinase, the genome-linked protein (VPg), a putative nucleoside triphosphate-binding protein (NTB), and two additional proteins (X1 and X2) of unknown function (42, 59, 61) . The 3C-like proteinase is responsible for cleavage of P1 and of the RNA2-encoded polyprotein (13) . The mature NTB protein along with several polyprotein precursors, notably NTB-VPg, are associated with ER-derived membranes active in virus replication (30) . A hydrophobic domain at the C terminus of NTB contains a transmembrane helix that traverses the membranes in infected plants and in vitro, resulting in a luminal orientation of the VPg domain in at least a portion of the membraneassociated NTB-VPg protein (30, 60) . In vitro, translocation of VPg in the lumen results in N-linked glycosylation at a glycosylation site within the VPg domain (60) . In addition to the C-terminal hydrophobic domain, a putative amphipathic helix was identified at the N terminus of the protein that may also be involved in the interaction of the protein with the membranes, although this has not been confirmed experimentally (30) .
In this study, we have analyzed membrane-targeting sequences within the NTB-VPg protein in planta using in-frame fusions to the green fluorescent protein (GFP) and have examined the topology of the N-terminal region of the NTB-VPg protein. We show that both the C-terminal hydrophobic domain and the N-terminal putative amphipathic helix can direct the GFP fluorescence to intracellular membranes. Our results also suggest that the putative amphipathic helix can promote the translocation of the N terminus of NTB into the lumen of the membrane at least in vitro.
MATERIALS AND METHODS
Plasmid constructions. Plasmid pCD-327 (obtained from the Arabidopsis Biological Resource Center, Ohio State University, Columbus) contains the coding region for the red-shifted GFP (smRS-GFP) under the control of the Cauliflower mosaic virus 35S promoter (20) . To introduce restriction sites allowing in-frame fusions to the C terminus of GFP, a fragment corresponding to the entire length of pCD-327 was amplified with primers 24 (Table 1 ) and 25 and Pfu polymerase (Stratagene). The PCR product was digested with KpnI and religated, resulting in plasmid psmRS-GFP(S-K) with unique SstI and KpnI sites. To construct pER-dsRed2, psmRS-GFP(S-K) was digested with EcoRI and treated with Klenow enzyme prior to religation, resulting in psmRS-GFP(S-K⌬RI). The small HindIII-SstI fragment of pmGFP5-ER (63) was ligated into the corresponding sites of psmRS-GFP(S-K⌬RI) to give psmRS-ER-GFP(S-K⌬RI). A fragment containing the reading frame for dsRed2 was amplified from pDsRed2 (BD Biosciences Clontech) using primers 50 and 51, digested with EcoRI and SstI, and ligated into the corresponding sites of psmRS-ER-GFP(S-K⌬RI) to give pER-dsRed2. pGFP-NV and its derivatives were constructed by amplifying the corresponding portion of the coding region of NTB-VPg using pMR10 (42) as a template and the following pairs of primers : 21 and 22 for  pGFP-NV, 48 and 49 for pGFP-mN, 36 and 22 for pGFP-cNV3, 21 and 35 for   pGFP-nN, 21 and 46 for pGFP-nN-TMD, and 47 and 35 for pGFP-nN⌬TMD.  The amplified fragments were digested with SstI and KpnI and inserted into  the corresponding sites of psmRS-GFP(S-K). To construct pGFP-cNV3-T  1229 /A and pGFP-cNV3⌬TM1, fragments were amplified using primers 36  and 22 and pT7-cNV-T 1229 /A and pT7-cNV⌬TM1 (60) as templates, respectively. To obtain a vector allowing fusions to the N terminus of GFP, a cDNA fragment containing the GFP coding region was amplified from pCD-327 using primers 39 and 2868, digested with BglII and SstI, and ligated into the BamHI and SstI sites of psmRS-GFP to give psmRS-GFPn(B-K) containing unique BamHI and KpnI sites. The internal AUG start codon at the beginning of the GFP open reading frame was then mutated to a GTG codon by site-directed mutagenesis to prevent the possibility of internal initiation at this site. This vector was used to insert cDNA fragments produced by amplification with the following pairs of primers: 40 and 53 for pNV-GFP, 40 and 35 for pnN-GFP, and 45 and 53 for pcNV3-GFP.
To construct the agroinfiltration vectors, a HindIII-EcoRI fragment from pGFP-nN or pnN-GFP was inserted into the corresponding sites of binary vector pBIN19 (Clontech). The resulting plasmids, pBIN-GFP-nN and pBIN-nN-GFP, contained unique SstI/KpnI or BamHI/KpnI restriction sites bordering the NTBderived sequence. These restriction sites were used to insert other fragments encoding regions of NTB-VPg fused to the C and N termini of GFP. Plasmid pBIN19-p19 containing the Tomato bushy stunt virus (TBSV) suppressor of gene silencing was constructed by amplifying a cDNA fragment corresponding to the TBSV p19 protein using an infectious TBSV cDNA clone as a template. The fragment was amplified using a previously described two-step PCR protocol (64) , primers 54 and 55, and mutagenic primers 56, 57, 58, and 59 designed to abolish two internal EcoRI sites without affecting the amino acid sequence of the protein. The NcoI-BamHI-digested fragment was inserted into the corresponding sites of pBBI525 (52) . A HindIII-EcoRI fragment from the resulting plasmid was then transferred into pBIN19.
To construct pT7-G-nN2, a fragment containing the N-terminal region of NTB was amplified using pMR10 as a template and primers 64 and 75, digested by MscI and XhoI, and introduced into the corresponding sites of pCITE-4a(ϩ) (Novagen). Other plasmids were constructed in a similar manner using the following pairs of primers: 73 and 75 for pT7-G-nN2⌬TMD and 64 and 65 for pT7-G-nN. pT7-G-nN2⌬AH3 was produced using a two-step PCR protocol as above and mutagenic primers 71 and 72 in addition to primers 64 and 75. pT7-NV was described previously (60) . pT7-N was constructed by amplifying a fragment containing the NTB coding region using primers 30 and 31 and inserting the NcoI-SalI-digested fragment into the corresponding sites of pCITE4a(ϩ). pT7-NV-T 1229 /A was constructed by replacing the small XhoI fragment of pT7-NV with that of pT7-cNV-T 1229 /A (60) . To obtain pT7-G-N, pT7-G-NV, and pT7-G-NV-T 1229 /A, the small BglII fragment of pT7-G-nN2 was replaced with a large BglII fragment from pT7-N, pT7-NV, or pT7-NV-T 1229 /A. Plasmid pG-nN-HA was constructed by amplifying a fragment using primers 106 and 109 and pT7-G-nN as a template. The BamHI-KpnI-digested fragment was inserted into the corresponding sites of psmRS-GFP(S-K). The BamHI site in this plasmid is located upstream of the GFP coding region, which is therefore deleted from the resulting plasmid. Plasmids pNV-HA, pnN-HA, and pcNV3-HA were constructed in a similar manner using pGFP-NV as a template and primer pairs 40 and 111, 40 and 109, and 110 and 111, respectively. The BamHI-KpnI fragments of pG-nN-HA, pNV-HA, pnN-HA, and pcNV3-HA were ligated with the large BamHI-KpnI fragment of pBIN-GFP-NV, resulting in pBIN-G-nN-HA, pBIN-NV-HA, pBIN-nN-HA, and pBIN-cNV3-HA.
Biolistic delivery of plasmids into N. benthamiana plants and confocal microscopy. Biolistic delivery of purified plasmids into N. benthamiana plant cells was done as previously described (64) . A confocal microscope (Leica) was used to visualize the subcellular distribution patterns of the GFP and dsRed2 fusion proteins. In some cases, the fluorescence associated with GFP fusion proteins was weak; therefore, the green and red images were collected in a sequential manner to avoid cross talk between the channels. To minimize organelle movement between the collections of images, the channels were switched between lines with an average of four to eight data collections for each line. Green and red fluorescence images were merged using the Leica confocal software.
Agroinfiltration of N. benthamiana plants. The binary vectors containing the plant expression cassettes of the targeting fusion proteins were transformed into Agrobacterium tumefaciens LBA4044 (Invitrogen) by electroporation. Colonies confirmed to contain the binary vector by PCR were used for agroinfiltration assays as previously described (57) . To allow optimal expression of the fusion proteins, the TBSV p19 protein was coexpressed in the agroinfiltrated plant cells to prevent induction of posttranscriptional gene silencing (57) . After infiltration, the plants were cultured in the greenhouse for 3 to 5 days. The infiltrated area of the inoculated leaves was collected for extraction.
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Subcellular fractionation and deglycosylation assays. Extraction of plant tissues and production of postnuclear (S3), soluble (S30), and membrane-enriched (P30) fractions were carried out as previously described (30, 46) . The P30 fraction was resuspended in a volume of homogenization buffer corresponding to that of the S30 fraction to allow direct comparison of the protein concentration in each fraction. In some experiments, the P30 fraction was further concentrated by centrifugation at 100,000 ϫ g for 1 h, followed by resuspension in 1/10 of the initial volume (P100 fraction). Membrane flotation assays were conducted essentially as previously described (7) . Briefly, 800 l of the S3, P30, or P100 fraction was adjusted to a final volume of 1.9 ml of 71.5% sucrose (wt/vol) in NTE buffer (7) and overlaid with 7 ml of 65% sucrose in NTE and then 3.1 ml of 10% sucrose in NTE. After centrifugation at 100,000 ϫ g for 18 h, 12 1-ml fractions were collected from the bottom of the tube.
To purify hemagglutinin (HA) fusion proteins, 300 l of the S3, S30, or P30 fraction was adjusted to a final concentration of 1% Triton X-100-0.1% sodium dodecyl sulfate (SDS)-0.05% sodium deoxycholate-150 mM NaCl, supplemented with 50 l of resuspended anti-HA affinity matrix (Roche), and incubated overnight at 4°C with constant agitation. The matrix was pelleted and washed two times with homogenization buffer as described by the supplier.
Captured proteins were released from the matrix by addition of 50 l of protein loading buffer (34) to the pellet followed by boiling for 5 min.
For deglycosylation assays, protein loading buffer (34) was added to the P30 fractions (0.33 volume of a 4ϫ stock solution). The samples were boiled for 5 min and centrifuged for 5 min, and the supernatant was collected. Nine volumes of the appropriate deglycosylation buffer was added to each sample along with either N-glycosidase F (PNGase F, 150 mU/50 l of reaction mixture; Roche) or endoglycosidase H (Endo H, 1 U/50 l of reaction mixture; Roche). The PNGase F buffer was 200 mM sodium phosphate buffer (pH 7)-25 mM EDTA-1% Triton X-100. The Endo H buffer was 100 mM sodium citrate buffer (pH 5)-100 mM ␤-mercaptoethanol-1% Triton X-100. The reaction mixtures were incubated at 37°C overnight. Protein loading buffer (0.33 volume of a 4ϫ stock solution) was added, and the samples were boiled for 5 min.
Separation of proteins by SDS-polyacrylamide gel electrophoresis (PAGE) and immunodetection were conducted as previously described (30) using a mouse monoclonal anti-GFP antibody (BD Biosciences), a rabbit polyclonal anti-Bip antibody (donated by M. Chrispeels), a rabbit polyclonal anti-NTB antibody (59), or a mouse monoclonal anti-HA antibody (Bio/Can Scientific). b For each plasmid, the start point of the region homologous to the ToRSV sequence or other genes of interest is indicated (e.g., a specific amino acid of the ToRSV P1 sequence or that 5Ј end or 3Ј end of a specific protein domain). Additional features are also indicated, including introduced restriction sites, introduced start or stop codons (ATG or TAA), or linker amino acid sequences (in the one-letter code). Finally, the strand to which the primer corresponds (ϩ for coding strand and Ϫ for noncoding strand) is also indicated. In the case of primers used to introduce mutations, the nature of the mutations is indicated (i.e., deletion of specific amino acids or mutation [Mut.] of specific restriction sites).
The secondary antibodies were goat anti-mouse or goat anti-rabbit immunoglobulin G conjugated with horseradish peroxidase (Bio/Can).
In vitro translation assays. Coupled in vitro transcription-translation reactions in the presence or the absence of canine microsomal membranes and deglycosylation assays of translation products were conducted as previously described (60) .
Computer-assisted prediction of putative transmembrane helices and amphipathic helices. Prediction of transmembrane helices in the N-terminal region of NTB was performed using the following programs: PHDhtm (41), Sosui (31), Tmpred (32), TopPred2 (58), TMHMM (50), HMMTOP (56) , and MEMSAT2 (33) . Prediction and projection of the putative amphipathic helix was conducted using the Antheprot program (22) .
RESULTS

ER targeting of GFP fusion proteins containing the entire NTB-VPg protein.
We have previously shown that NTB-VPg is an integral membrane protein associated with ER-derived membranes in ToRSV-infected cells (30) . To determine whether the NTB-VPg protein alone has the ability to associate with intracellular membranes, we examined the intracellular localization of NTB-VPg expressed independently of other viral proteins in planta. Both N-terminal and C-terminal fusions of NTB-VPg with GFP (GFP-NV and NV-GFP, Fig. 1A ) were expressed in N. benthamiana plants (a natural host for ToRSV) using agroinfiltration. Five days after agroinfiltration, the leaves were collected and subcellular fractions enriched in soluble cytoplasmic proteins (S30 fraction) and in membraneassociated proteins (P30 fraction) were produced by differential centrifugation. Proteins were separated by SDS-PAGE and analyzed by immunoblot experiments using either an anti-GFP antibody (to detect GFP fusion proteins) or an antibody that recognizes an endogenous ER luminal protein (Bip) (30) . As expected, Bip was detected predominantly in the membraneenriched fraction while free GFP was detected predominantly in the S30 fraction (Fig. 1B , lanes 1 and 2 and lanes 5 and 6). The full-length 96-kDa GFP-NV and NV-GFP proteins were detected exclusively in the membrane-enriched fractions (P30) (Fig. 1B, lanes 11 to 14) . The concentration of these proteins in the plant extracts was much lower than that of the free GFP, and extended exposure of the immunoblots was required to detect the proteins. Smaller proteins (of 28 to 32 kDa) were also detected in the S30 and P30 fractions derived from plants expressing GFP-NV and NV-GFP. One possibility is that they represent degradation products of the full-length proteins. The presence of the full-length GFP-NV and NV-GFP proteins in the P30 fraction suggested that they are membrane associated, although this experiment could not exclude the possibility that protein aggregation was responsible for the recovery of these proteins in the P30 fraction. The concentration of these proteins in the plant extracts was too low to allow membrane flotation experiments that would eliminate this possibility (see below).
The subcellular localization of the fusion proteins was examined in greater detail using confocal microscopy. To allow dual labeling of ER membranes and the various GFP fusion proteins, we engineered an ER-targeted red fluorescent protein (ER-dsRed2) using ER targeting and retention signals (including an N-terminal signal peptide and a C-terminal HDEL retention signal) previously described for an ER-targeted GFP reporter (63) . The plasmids were delivered into N. benthamiana plant cells using biolistic bombardment. Twenty hours after transfection, the red fluorescence associated with ER-dsRed2 was clearly distinguished from the duller chloroplast autofluorescence (i.e., cells adjacent to those expressing the ER marker were not visible under the conditions used for the detection of the dsRed2 fluorescence; Fig. 2 , panel 1, ER-dsRed2). The red fluorescence was concentrated in the perinuclear area and in the cortical network of the ER (Fig. 2 , panels 1 to 3, ER-dsRed2), a pattern similar to that previously described for ER-GFP (11) . In contrast, fluorescence associated with the free GFP was distributed throughout the cell and diffused through the nuclear pore (Fig. 2, panels 1 and 2 , GFP). In some cases, the green fluorescence displayed a diffused network pattern that was in proximity to the ER network but did not coincide with the ER marker when examined at higher magnification (Fig. 2, panels 2 and 3) . The subcellular localizations of free GFP and ER-dsRed2 did not change whether they were expressed individually or in combination 14) antibodies (Abs). The following amount of each fraction was loaded in the corresponding lanes: lanes 1 and 2, 5 l; lanes 3 to 8, 2.5 l; lanes 9 to 14, 10 l. The film was exposed for 10 min (lanes 1 to 8) or 18 h (lanes 9 to 14). Migration of molecular mass standards is indicated on the left. ck, negative control agroinfiltrated with pBINp19 only. The arrow points to the band corresponding to the full-length GFP-NV and NV-GFP proteins. Fluorescence associated with GFP-NV and NV-GFP was concentrated around the nucleus or in a sharp web-like structure that coincided with the fluorescence associated with ERdsRed2 (Fig. 2, panels 4 to 10) . Aggregates of green and red fluorescence in the perinuclear area were occasionally observed in cells expressing GFP-NV or NV-GFP and ERdsRed2 (panels 6 and 7 and data not shown) but not in cells expressing free GFP and ER-dsRed2. Taken together, these results suggested that GFP-NV and NV-GFP were directed to perinuclear and cortical ER membranes.
Absence of membrane-targeting domains in the central region of NTB. We have previously suggested that sequences at the N and C termini of the NTB domain are involved in its association with the ER (30) . To determine whether the central region of NTB contains unidentified membrane-targeting domains, a GFP fusion protein including only the central region of NTB (GFP-mN, Fig. 1A ) was expressed in plants. After subcellular fractionation of plant extracts, GFP-mN was only detected in the S30 fraction (Fig. 1, lanes 7 and 8) . The green fluorescence associated with GFP-mN (Fig. 2, panel 11 ) was similar to that observed for the free GFP and did not coincide with the ER-dsRed2 fluorescence. Taken together, these results indicated that GFP-mN does not associate with intracellular membranes and that the middle portion of NTB does not contain elements that could independently promote membrane association.
ER-specific glycosylation of GFP fusion proteins containing the hydrophobic domain in the C-terminal region of NTB-VPg. We have previously shown that a truncated protein, cNV3, containing the hydrophobic domain located at the C terminus of NTB and the VPg domain could associate with canine microsomal membranes in vitro (60) . Deletion of the hydrophobic region prevented in vitro membrane association (mutant ⌬TM1) (60) . To determine if cNV3 has the ability to associate with intracellular membranes in vivo, GFP was fused to the wild-type (WT) or ⌬TM1 derivative of cNV3 (GFP-cNV3 and cNV3-GFP, Fig. 3A) . Homogenates of leaves expressing these proteins were separated into S30 and P30 fractions. GFPcNV3 (with an apparent molecular mass of 36 kDa) was present in both the S30 and P30 fractions (Fig. 3B, lanes 1 and  2) . The full-length cNV3-GFP protein (with an apparent molecular mass of 38 kDa) was only detected in the P30 fraction, although smaller proteins were also detected in the S30 fraction (lanes 5 and 6). In contrast, both GFP-cNV3⌬TM1 and cNV3⌬TM1-GFP were present predominantly in the S30 frac- 4 and lanes 7 and 8) . This result suggested that P30 fractionation of GFP-cNV3 and cNV3-GFP was dependent on the presence of the hydrophobic region.
Multiple forms of GFP-cNV3 and cNV3-GFP were detected in the membrane-enriched fractions, raising the possibility that membrane-dependent modification of the proteins, such as glycosylation, occurred in planta. We have previously shown that a naturally occurring N-glycosylation site (NST 1229 ) in the VPg domain is glycosylated in vitro upon addition of canine microsomal membranes (60) . To test for the presence of glycosylated forms of GFP-cNV3 and cNV3-GFP in the P30 fraction, we conducted two sets of experiments. In one set of experiments, we introduced a mutation in the glycosylation site (mutation T 1229 /A) in GFP-cNV3. This mutation was previously shown to prevent glycosylation in vitro (60) . A protein with an apparent molecular mass of 42 kDa was detected in P30 fractions derived from plants expressing WT GFP-cNV3 but not in the P30 fraction derived from plants expressing the GFP-cNV3-T/A derivative (Fig. 3C, lanes 1 and 2) suggesting that this protein was a glycosylated form of GFP-cNV3. In a second set of experiments, P30 extracts derived from plants expressing WT GFP-cNV3 were treated with two deglycosylation enzymes specific for N-linked oligosaccharides. PNGase F releases all classes of N-linked oligosaccharides, including complex-type N-linked oligosaccharides produced in the Golgi, provided that they do not contain a fucose linked ␣(1-3) to Asn-GlcNAc, a structural motif present in many plant glycoproteins (37) . Endo H digests the high-mannose carbohydrate side chains added in the ER but does not recognize oligosaccharides further modified in the Golgi (37) . After treatment of the P30 extracts with either PNGase F or Endo H, the 42-kDa protein disappeared but was replaced by a new protein with an apparent molecular mass of 38 kDa (Fig. 3C, lanes 2 to 4) . Similarly, in P30 fractions derived from plants expressing WT cNV3-GFP, a 42-kDa protein was eliminated after treatment with either deglycosylation enzyme (lanes 5 to 7). Possibly, the deglycosylated protein comigrated with the 38-kDa cNV3-GFP protein. These results confirmed the above suggestion that the 42-kDa protein is a glycosylated form of GFP-cNV3 and cNV3-GFP. The sensitivity of the 42-kDa glycosylated protein to Endo H also suggested that it was retained in the ER and did not translocate into the Golgi apparatus.
In addition to the 36-and 42-kDa proteins (detected for GFP-cNV3) and 38-and 42-kDa proteins (detected for cNV3-GFP), larger forms of the proteins (approximately 66 to 80 kDa) were observed, although the relative concentration of these proteins varied from one sample to another (Fig. 3C,  lanes 2 and 5) . Many membrane proteins can maintain their oligomeric structure in the presence of SDS (21) . Therefore, the 66-to 80-kDa proteins may correspond to dimeric forms of the 36-to 42-kDa GFP-cNV3 and cNV3-GFP proteins. Interestingly, an 80-kDa protein present in the P30 fractions from plants expressing GFP-cNV3 (shown by the diamond in the upper region of the gel, lanes 2 to 4) was sensitive to the PNGase F and Endo H treatments, indicating that it was glycosylated. This result raised the possibility that dimerization of GFP-cNV3 occurred in the membrane environment with the VPg domain translocated in the lumen. Finally, in P30 extracts from plants expressing cNV3-GFP and cNV3-GFP⌬TM1, smaller proteins (with apparent molecular masses of 31 to 33 on October 15, 2017 by guest http://jvi.asm.org/ kDa) were also detected predominantly in the S30 fractions (Fig. 3B, lanes 5 to 8) . One possibility is that they are degradation products of the full-length proteins.
Partial ER association of GFP fusion proteins containing the hydrophobic domain in the C-terminal region of NTB-VPg.
In N. benthamiana plant cells, expression of GFP-cNV3 and cNV3-GFP proteins resulted in a fluorescence pattern that was suggestive of a partial association with ER membranes (Fig. 4,  panels 1 to 4) . Diffuse fluorescence was observed in the nucleus, suggesting the presence of soluble protein. However, there were also clear patterns of green fluorescence that coincided with the ER-dsRed2 fluorescence. The proportion of green fluorescence that coincided with the ER marker varied from cell to cell and with time but was in general higher in cells expressing cNV3-GFP than in cells expressing GFP-cNV3. The fluorescence in cells transfected with the GFP-cNV3 construct was predominantly diffuse at early time points (6 and 20 h posttransfection, data not shown), and it was not possible to conclusively determine whether fluorescence associated with membranes was also present at these time points. After 44 h, GFP-cNV3 was partially colocalized with the ER marker (panels 1 and 2). Taken together, these results suggested a partial association of GFP-cNV3 and cNV3-GFP with ER membranes. This result was consistent with the partial distribution of these proteins in the membrane-enriched fraction described above. Mutated derivatives of GFP-cNV3 and cNV3-GFP with a deletion of the entire hydrophobic region (⌬TM1 mutants, panels 5 to 8) did not localize to ER membranes, confirming the above suggestion that this region is responsible for the partial ER association of GFP-cNV3 and cNV3-GFP.
Membrane association of GFP fusion proteins containing a putative amphipathic helix at the N terminus of NTB. We have previously identified a putative amphipathic helix in the Nterminal region of NTB and suggested that this helix is involved in membrane association (predicted from amino acid [aa] 654 to aa 689, Fig. 5A ) (30) . A projection of the predicted amphipathic helix is shown in Fig. 5B . Examination of the N-terminal region of NTB with a number of transmembrane helix prediction programs (see Materials and Methods) also revealed the presence of a hydrophobic region located immediately upstream of the putative amphipathic helix which was predicted to form a transmembrane helix by some but not all prediction programs (aa 621 to aa 643, Fig. 5C ). The degree of confidence in the Tmpred and Sosui predictions was not very strong (legend to Fig. 5C ).
To evaluate the role of the N-terminal region of NTB in ER association, GFP was fused to the first 80 aa of NTB (GFP-nN and nN-GFP, Fig. 6A ). In addition, fusion proteins GFPnN-HR (containing only the upstream hydrophobic region) and GFP-nN⌬HR (containing only the amphipathic helix) were also tested. Immunodetection of cell extracts derived from plants expressing the various GFP fusion proteins revealed that proteins containing the amphipathic helix (GFPnN, GFP-nN⌬HR, and nN-GFP) were present predominantly in the membrane-enriched fraction, while a protein that included only the upstream hydrophobic region (GFP-nN-HR) was almost exclusively in the soluble fraction (Fig. 6B) . Larger forms of GFP-nN, GFP-nN⌬HR, and nN-GFP were detected which may correspond to dimers and larger oligomers (lanes 1 and 2, lanes 5 and 6, and data not shown). These results suggested that the putative amphipathic helix is involved in membrane association or is responsible for protein aggregation. To distinguish between these possibilities, we conducted membrane flotation assays. Membrane-enriched fractions (P30) were adjusted to a concentration of 71.5% sucrose and deposited at the bottom of a sucrose step gradient. After highspeed centrifugation, soluble or aggregated proteins remain at the bottom of the gradient while membrane-associated proteins float at the interface between the 65% and 10% sucrose layers due to the buoyant density of lipids (7) . We have shown that GFP-cNV3, present in P30 fractions, is glycosylated in an ER-specific manner in plants (Fig. 3C) , demonstrating that it is membrane associated. Thus, this protein was used as a positive control for the membrane flotation assay. The collected fractions were probed with either anti-GFP antibody to detect the GFP fusion proteins or with anti-Bip antibody to detect the endogenous ER luminal protein. As expected, GFP-cNV3 and Bip partitioned predominantly at the interface between the 65% and 10% sucrose layers (fraction 9, Fig. 6C ). In contrast, free GFP (present in a postnuclear fraction, S3) remained at the bottom of the gradient as previously described (7). GFP-nN partitioned into fraction 9, confirming that the protein is membrane associated. Similar results were obtained with GFP-nN⌬HR (data not shown).
In N. benthamiana cells expressing GFP-nN, the green fluorescence coincided with the perinuclear ER-dsRed2 fluorescence and also partially with the ER-dsRed2 fluorescence associated with the cortical network (Fig. 7, panels 1 and 2 ). There were also aggregates of green fluorescence in the perinuclear area or throughout the cell, often in close proximity to the ER network (panel 2). In cells expressing nN-GFP, the ER network was drastically altered. Instead of a distinct ER network, large aggregates of red fluorescence were present, often in the proximity of the nucleus (panels 3 and 4). The green fluorescence colocalized with these aggregates. The fluorescence associated with GFP-nN⌬HR, in which the upstream hydrophobic region was deleted, clearly coincided with the ER-dsRed2 fluorescence associated with the perinuclear and cortical ER (Fig. 7, panels 5 and 6 ). In contrast, deletion of the amphipathic helix from GFP-nN (GFP-nN-HR) prevented its association with membranes (Fig. 7, panel 7) . These results indicated that the putative amphipathic helix is involved in membrane association.
In vitro analysis of the topology of the N-terminal region of NTB-VPg in the membranes. To further analyze the ability of various elements in the N-terminal region of NTB to promote membrane association, we used in vitro membrane association assays (60) . To examine the topology of the N terminus of NTB in the membrane, we introduced a glycosylation site immediately upstream of the NTB sequence. This glycosylation site was shown by others to be recognized efficiently by canine microsomal membranes in vitro when placed upstream of a transmembrane domain and when it is translocated in the luminal side of the membrane (39) . In construct G-nN2, the first 250 aa of NTB were fused in frame with this glycosylation signal (Fig. 8A) . A protein of the expected size was produced in a coupled in vitro transcription-translation system (Fig. 8B,  lane 1) . Addition of canine microsomal membranes to the reaction mixture resulted in the production of an additional protein with slower mobility (lane 2, shown by the diamond). Treatment of the reaction mixture with PNGase F resulted in the disappearance of this additional protein, indicating that it was a glycosylated form of G-nN2 (lane 3). Similar results were obtained with construct G-nN, which included only the first 80 Only three programs predicted a transmembrane helix at this position. The score for the Tmpred prediction for this transmembrane helix was 546, compared to a score of 2,698 for the previously identified transmembrane helix at the C terminus of NTB (only scores above 500 are considered significant). In the Sosui program, the N-terminal transmembrane helix was predicted to be a secondary transmembrane helix, while the transmembrane helix at the C terminus of NTB was predicted to be a primary transmembrane helix. Extracts from agroinfiltrated plants were fractionated into a soluble (S) and a membrane-enriched (P) fraction as described in Fig. 1 . Proteins present in 2 l of each fraction were separated by SDS-PAGE (12% polyacrylamide) and immunodetected with the anti-GFP antibody. Migration of molecular mass standards is shown on the left. (C) Membrane flotation assays. Subcellular fractions were deposited at the bottom of a sucrose step gradient as described in Materials and Methods. The starting material was a membrane-enriched fraction (P30) in the cases of GFP-cNV3 and GFP-nN and a postnuclear fraction (S3) in the case of the soluble GFP. GFP fusion proteins present in 25 l of fractions 1 to 12 collected from the bottom of the gradient were separated by SDS-PAGE and detected by immunoblotting using anti-GFP antibodies. For detection of the endogenous Bip protein, fractions collected from the GFP-cNV3 gradient were probed with anti-Bip antibodies. Probing of fractions from the GFP and GFP-nN gradients with the anti-Bip antibodies resulted in similar results (data not shown). Only the portion of each gel displaying the monomeric form of the protein is shown, although larger forms of the proteins (probably corresponding to oligomers) were observed for GFP-cNV3 and GFP-nN. In the case of GFP-cNV3, the two bands shown correspond to the unmodified and glycosylated forms of the protein. monomeric form of the protein). The 28-kDa protein was glycosylated in the presence of membranes (lanes 10 to 12, shown by the diamond in the upper region of the gel), raising the possibility that dimerization of G-nN occurred in the membrane environment. Deletion of the upstream hydrophobic region (G-nN2⌬HR) did not prevent recognition of the glycosylation site (lanes 4 to 6), while deletion of the putative amphipathic helix (G-nN2⌬AH3) drastically decreased the extent of glycosylation (lanes 7 to 9). These results suggested that aa 654 to 686, containing the putative amphipathic helix, directed the translocation of the N terminus of NTB to the luminal face of the membranes in vitro.
We next wished to confirm this result in the context of the entire NTB-VPg protein. We have previously shown that the C terminus of the protein is translocated in the lumen, resulting in the recognition of a glycosylation site in the VPg domain. The T 1229 /A mutation was introduced into NTB-VPg to produce NV T/A , which did not contain a glycosylation site. The glycosylation site described above was then fused in frame with the N terminus of NV (consisting of WT NTB-VPg), NV T/A , or N (consisting of the entire NTB domain without the VPg domain), to produce G-NV, G-NV T/A , and G-N, respectively (Fig. 8C) . As shown previously, WT NV was glycosylated in the presence of the canine microsomal membranes (Fig. 8D, lanes  1 and 2) (60) . Glycosylation was prevented after mutation of the VPg glycosylation site (NV T/A , lanes 3 and 4) or deletion of the VPg domain (N, lanes 9 and 10). These results confirmed that the VPg domain is translocated in the lumen in the context of the entire NTB-VPg protein. Glycosylated forms of the proteins were also observed after translation of G-NV, G-NV T/A , and G-N in the presence of membranes (lanes 5 to 8 and lanes 11 and 12) , suggesting that the artificial glycosylation site at the N terminus of NTB was translocated in the lumen. Interestingly, two forms of glycosylated proteins were observed for G-NV (lane 6). One form comigrated with the glycosylated form of proteins containing a single glycosylation site, while the other form had a slower mobility and was apparently glycosylated at two sites. This protein contains two glycosylation sites: the N-terminal introduced glycosylation site and the Cterminal VPg glycosylation site. This result suggests that several topologies of the protein coexisted, one of which implied the translocation of both the N and C termini of the protein in the lumen. (60) suggest that the C-terminal and N-terminal regions of NTB contain elements that can target GFP fusion proteins to intracellular membranes in planta and can promote membrane association of the native NTB-VPg or smaller truncated proteins in vitro. We next wished to confirm that these membrane association elements were also active in planta when fused to smaller epitope tags.
In initial experiments, we tested a fusion protein containing the entire NTB and VPg domains and the HA epitope tag (YPYDVPDYA). Unfortunately, we were not able to detect the fusion protein in extracts from agroinfiltrated plants using anti-HA or anti-NTB antibodies (data not shown). We then tested smaller fusion proteins containing the cNV3 or nN truncated protein (cNV3-HA and nN-HA, Fig.  9A ). G-nN-HA was a derivative of G-nN described above and included the HA epitope and the artificial glycosylation site at the N terminus of the NTB domain. The concentration of the fusion proteins in plant extracts was low, and detection of specific proteins by the anti-HA antibody was hindered by the presence of large amounts of a 14-kDa protein from plants in postnuclear (S3) and cytoplasmic (S30) fractions (data not shown). To circumvent this problem, HA fusion proteins were purified from S3, S30, and P30 fractions using an anti-HA affinity matrix in the presence of mild detergents. Using this method, we detected specific proteins in S3 fractions derived from plants expressing G-nN-HA and cNV3-HA but not in those derived from plants expressing nN-HA (Fig. 9B and data  not shown) . Both G-nN-HA and cNV3-HA were found predominantly in the P30 fractions, although a portion of the cNV3-HA protein was also present in the S30 fraction. Membrane flotation assays were conducted using a reconcentrated membrane-enriched fraction (P100 fraction, resuspended in 1/10 of the original volume of the P30 fraction). Both proteins separated at the interface between the 65% and 10% sucrose layers, confirming that they were membrane associated (fraction 9, Fig. 9C ). The subcellular fractionation behavior of the cNV3-HA and G-nN-HA proteins was very similar to that of the corresponding GFP fusion proteins (GFP-cNV3 and GFPnN, Fig. 3 and 6 ). Several forms of the cNV3-HA and G-nN-HA proteins were detected. In the case of cNV3-HA, these proteins had apparent molecular masses of 14 and 18 kDa. Both proteins were found in association with intracellular membranes, suggesting that the 18-kDa protein is a glycosylated form of the 14-kDa protein (fraction 9, Fig. 9C ). In the case of G-nN-HA, a protein of approximately 13 kDa was predominant. Small amounts of a 17-kDa protein were also occasionally detected (Fig. 9B, lane  7) , raising the possibility that glycosylation of G-nN-HA also occurred. Unfortunately, the low concentration of this protein in the extracts did not allow us to conduct deglycosylation assays that could have confirmed this suggestion.
DISCUSSION
The results presented in this report demonstrate that the ToRSV NTB-VPg protein, the putative membrane anchor for the replication complex, has the ability to associate with intracellular membranes in planta when fused to GFP. Deletion of hydrophobic domains in the N-terminal and C-terminal regions of NTB-VPg prevented the membrane association (GFPmN, Fig. 1 and 2 ). Although we cannot exclude the possibility that fusion to the GFP alters the natural subcellular localization of NTB-VPg, it is noteworthy that similar ER-associated localization was observed for fusion proteins with C-terminal or N-terminal fusions to the GFP. The results presented in this study are also consistent with previous observations that NTBVPg is an integral membrane protein associated with the ER in ToRSV-infected plants and that it has the ability to independently associate with canine microsomal membranes (which consist predominantly of ER-derived membranes) in vitro (30, 60) . Taken together, these results suggest that membrane association elements within NTB-VPg are functional in the context of GFP fusion proteins. In fact, fusion of the truncated cNV3 protein to GFP (GFP-cNV3 and cNV3-GFP fusion proteins) did not prevent the recognition of the naturally occur- ring VPg glycosylation site, suggesting that these fusion proteins were inserted in the proper orientation in the membrane (see below). The nN and cNV3 truncated proteins also had similar subcellular fractionation behavior when fused to GFP or to the HA epitope tag. The C-terminal region of NTB contains a previously characterized hydrophobic domain that includes a transmembrane helix. This domain directs the translocation of VPg in the ER lumen in vitro and in ToRSV-infected plants (30, 60) . In this report, we provide several lines of evidence confirming that the hydrophobic domain functions as an ER-targeting domain in vivo. First, WT GFP-cNV3 and cNV3-GFP colocalized at least partially with ER markers and were detected in membraneenriched fractions. Deletion of the hydrophobic domain (⌬TM1 mutant) prevented the membrane association. Second, glycosylated forms of the WT proteins were present in the membrane-enriched fractions, confirming that they were associated with intracellular membranes and that the VPg domain was translocated in the lumen. Sensitivity of the glycosylation to Endo H indicated that the glycosylated proteins were retained in the ER, suggesting that ER retention signals are present in the C-terminal region of NTB-VPg. The characterization of these ER retention signals will be the subject of further studies.
Although it is clear that the hydrophobic region within the C-terminal region of NTB can act as an ER-targeting domain, the membrane association of GFP-cNV3 and cNV3-GFP was only partial, as evidenced by the diffusion of a portion of the green fluorescence within the nucleus and the presence of a portion of the proteins immunodetected by the GFP antibodies in the soluble fraction. A similar phenomenon was observed with cNV3-HA, although the proportion of protein in the S30 fraction was smaller than with the corresponding GFP fusion proteins. One possible explanation is that targeting of these truncated proteins to ER membranes is inefficient, at least in the context of the GFP fusions. Another possible explanation is that degradation of the fusion proteins releases soluble fragments with GFP activity. A truncated 31-kDa protein, detected in the S30 and P30 fractions of plants expressing cNV3-GFP, may correspond to such a cleavage product (Fig. 3B, lanes 5  and 6) . In the case of GFP-cNV3, the predominant 36-kDa protein detected in the S30 and P30 fractions may also correspond to a cleavage fragment for the following reasons. First, it was smaller than the detected cNV3-GFP protein even though the predicted molecular masses of the two fusion proteins are identical (Fig. 3B, lanes 1 and 2 and lanes 5 and 6) . Second, the 36-kDa protein did not comigrate with a 38-kDa protein produced after deglycosylation treatment of the GFPcNV3 membrane-enriched fraction (Fig. 3C, lanes 2 to 4) . Interestingly, we have previously shown that cNV3 is cleaved by a membrane-associated proteinase in vitro (60) . Although it is possible that this cleavage is responsible, at least in part, for the release of GFP-cNV3 and cNV3-GFP in the cytosolic fraction, further work is necessary to conclusively determine whether membrane-associated cleavage of cNV3 (and fulllength NTB-VPg) occurs in plants.
Our results demonstrate that the N-terminal putative amphipathic helix can promote efficient targeting to intracellular membranes in planta and in vitro. The putative role of an upstream hydrophobic region is not clear at this point, as it was not able to promote membrane association in the absence of the amphipathic helix. In addition, deletion of this region did not prevent the membrane association of proteins that contained the amphipathic helix. However, our results do not exclude the possibility that the upstream hydrophobic region influences the exact positioning of the amphipathic helix in the membrane.
The results of the glycosylation site mapping revealed that the N terminus of NTB can be translocated in the membrane lumen in vitro in the context of truncated proteins containing only the N-terminal amphipathic helix or in the context of the entire NTB-VPg protein. Amphipathic helices usually orient parallel to the membrane with the hydrophobic face toward the membrane and the hydrophilic face toward the cytoplasm, unless they form membrane-embedded oligomers through the barrel stave mechanism and assemble into aqueous pores or ion channels (5, 49) . The barrel stave mechanism is derived from studies of pore-forming cytolytic amphipathic peptides and implies the formation of trans-bilayer oligomers of the amphipathic helices with their hydrophobic sides facing the lipid bilayer and their hydrophilic sides oriented toward the water-filled pore. Using SDS-PAGE, we have observed larger forms of truncated proteins containing the amphipathic helix, which may correspond to oligomers of the protein ( Fig. 8 and  9 ). Membrane-dependent glycosylation of one of these putative oligomeric forms was observed in vitro (Fig. 9 ). These observations provide support for the suggestion that oligomerization of the amphipathic helix promotes its translocation in the membrane. It is not known whether translocation of the N terminus of NTB-VPg in the membrane lumen occurs in vivo. Further experimentation is necessary to confirm that the amphipathic helix has the ability to oligomerize in the membrane environment and to determine whether the N terminus of NTB-VPg is translocated in the membrane lumen in vivo.
The formation of aqueous pores is often associated with permeabilization of the membrane, and several viral proteins (viroporins) have been found to destabilize and permeabilize membranes (29) . In animal viruses, viroporins have been suggested to play a role in the release of virus particles from infected cells. Many viroporins are located predominantly at the intracellular membranes and have the ability to promote intracellular membrane remodeling, which is a prerequisite for viral replication (29) . Some viroporins, such as the human immunodeficiency virus type 1 VPu and influenza virus M2 proteins, induce the formation of intracellular ion channels, although the role of these channels in the virus replication cycle is not clear (29) . Viroporins have not been identified so far in plant viruses. The Cowpea mosaic comovirus 60K protein (which contains the NTB and VPg domains and is related to the ToRSV NTB-VPg protein) is cytotoxic in plants and induces drastic morphological changes of the ER membranes. It can also induce cell lysis when expressed in insect cells (11) . The domains of the 60K protein involved in these cytotoxic effects have not been characterized. It is noteworthy, however, that a putative amphipathic helix has been identified at the N terminus of the 60K protein (11) . In this study, we did not observe severe changes in the structure of the ER in cells expressing GFP fusion proteins containing the entire ToRSV NTB-VPg protein, although aggregates of the ER-dsRed2 fluorescence were occasionally observed (Fig. 2, panels 5 and 6) . VOL. 79, 2005 MEMBRANE TOPOLOGY OF ToRSV NTB-VPg PROTEIN 11763
One possibility is that the levels of expression of these proteins were not sufficient to significantly alter the ER structure. Interestingly, high levels of expression of a fusion protein containing the N-terminal amphipathic helix (nN-GFP) in plant cells resulted in drastic modification of the morphology of the ER. However, we cannot exclude the possibility that the interaction of the amphipathic helix with the membranes is influenced by the presence of the GFP domain. In fact, modification of the ER structure was not observed to the same extent in cells expressing a fusion protein containing the amphipathic helix fused to the C terminus of GFP (GFP-nN). The ability of the ToRSV NTB-VPg protein to modify and possibly permeabilize membranes will be the subject of further studies.
Multiple interactions between transmembrane helices within the membrane environment have been documented for a large number of polytopic membrane proteins (18, 26) , suggesting that interactions between the ToRSV NTB-VPg amphipathic and transmembrane helices are at least theoretically possible. The current two-stage model for membrane insertion and folding of polytopic membrane proteins suggests that individual transmembrane helices are initially inserted into the membrane independently, followed by a second stage in which transmembrane helices interact with each other in the membrane environment to give higher-order folding and oligomerization (18, 26) . An example of this is provided by the poliovirus 2B protein, a viroporin which forms aqueous pores driven by the tetramerization of an amphipathic helix and further stabilized by intramolecular hydrophobic interactions between the amphipathic helix and an adjacent transmembrane helix and by intermolecular hydrophobic interactions between the transmembrane helices of the four 2B monomers (1). According to the two-stage model for membrane protein folding, we propose an updated model for the insertion of NTB-VPg in the membrane (Fig. 10 ). In this model, NTB-VPg initially interacts with the membranes as a monomer, with the transmembrane helix traversing the membrane and the amphipathic helix parallel to the membranes (step 1). The ability of each of these elements to oligomerize could result in the formation of an aqueous pore with the hydrophilic side of the amphipathic helix lining the pore (step 2). Possible interactions between the hydrophobic face of the amphipathic helix and the transmembrane helix within a monomer unit and between the transmembrane helices of the various monomers could result in the formation of an ␣-loop-␣ motif that spans the bilayer and helps stabilize the structure. In this model, both the N and C termini of NTB-VPg are oriented to the luminal face of the membranes while the central region of NTB is oriented toward the cytoplasm and accessible for protein-protein interactions with other viral or host proteins present in the replication complex.
